The high-energy emission from low-mass stars is mediated by the magnetic dynamo. Although the mechanisms by which fully convective stars generate large-scale magnetic fields are not well understood, it is clear that, as for solar-type stars, stellar rotation plays a pivotal role. We present 270 new optical spectra of low-mass stars in the Solar Neighborhood. Combining our observations with those from the literature, our sample comprises 2202 measurements or non-detections of Hα emission in nearby M dwarfs. This includes 466 with photometric rotation periods. Stars with masses between 0.1 and 0.6 M are well-represented in our sample, with fast and slow rotators of all masses. We observe a threshold in the mass-period plane that separates active and inactive M dwarfs. The threshold coincides with the fast-period edge of the slowly rotating population, at approximately the rotation period at which an era of rapid rotational evolution appears to cease. The welldefined active/inactive boundary indicates that Hα activity is a useful diagnostic for stellar rotation period, e.g. for target selection for exoplanet surveys, and we present a mass-period relation for inactive M dwarfs. We also find a significant, moderate correlation between L Hα /L bol and variability amplitude: more active stars display higher levels of photometric variability. Consistent with previous work, our data show that rapid rotators maintain a saturated value of L Hα /L bol . Our data also show a clear power-law decay in L Hα /L bol with Rossby number for slow rotators, with an index of −1.7 ± 0.1.
INTRODUCTION
Solar-type stars show a saturated relationship between rotation and chromospheric or coronal activity: with rotation above a certain threshold, activity maintains a constant value, while at slower spins activity and rotation are correlated. This has been demonstrated using coronal (x-ray) emission (e.g. Pallavicini et al. 1981; Vilhu 1984; Pizzolato et al. 2003; Wright et al. 2011) , chromospheric (Hα and Ca II) emission (e.g. Wilson 1966; Noyes et al. 1984; Soderblom et al. 1993) , and radio emission from accelerated electrons (e.g. Stewart et al. 1988; Slee & Stewart 1989; Berger 2006; McLean et al. 2012) . Coronal and chromospheric emission typically result from magnetic heating of the stellar atmosphere, while radio emission is a more direct probe of the magnetic field. The rotation-activity relation is therefore interpreted as resulting from the underlying magnetic dynamo. For solartype stars, this is generally thought to be the αΩ dynamo, a product of differential rotation winding up the poloidal magnetic field (the Ω effect) and subsequent twisting of the nowtoroidal magnetic field (the α effect). In the interface αΩ dynamo, these processes occur at the tachocline, the boundary between the convective and radiative zones. Rotational evolution is also influenced by the magnetic field, due to the coupling of the stellar wind to the magnetic field.
Moving across the M dwarf spectral class, the convective envelope extends deeper into the stellar interior, with theoretical models indicating that stars become fully convective for masses < 0.35 M (Chabrier & Baraffe 1997) . In stars lacking a tachocline, the interface αΩ cannot be at play and the mechanisms for generating large-scale magnetic fields in fully-convective stars are not well understood. Nevertheless, Zeeman Doppler imaging reveals that some do indeed have large-scale fields (Donati et al. 2008; Morin et al. 2010) , and many mid-to-late M-dwarfs have strong signatures of magnetic activity, with emission from the X-ray to the radio (e.g. Berger et al. 2010; Stelzer et al. 2013) . Despite the expected difference in magnetic dynamo, the strong connection between rotation and magnetic activity persists in M dwarfs. Consistent with that seen in more massive stars, the rotation-activity relation in M dwarfs is saturated for rapid rotators, and declines with decreasing rotational velocity (Kiraga & Stepien 2007) . This is seen in a wide variety of tracers of magnetic activity, including xray flux (Stauffer et al. 1994; James et al. 2000; Wright et al. 2011) , Ca H&K, (Browning et al. 2010) , Hα emission (Delfosse et al. 1998; Mohanty & Basri 2003; Reiners et al. 2012) , and global magnetic flux (Reiners et al. 2009 ). The magnetic activity lifetime of low-mass stars is massdependent, with spin-down interpreted as the causative factor (e.g. Stauffer et al. 1994; Hawley et al. 1996; arXiv:1611.03509v1 [astro-ph.SR] 10 Nov 2016 1998).
Until recently, activity studies for low-mass stars have necessarily had to rely on v sin i measurements of rotation rates, which can be obtained only for the most rapidly rotating M dwarfs. The typical v sin i survey has a detection threshold of around 3 km/s, which for a 0.2 R star corresponds to a rotation period of only 3.3 days. The saturated regime of the rotation-activity relation is seen in stars with detectable rotational broadening, while those without broadening show a range of activity levels. Photometric rotation period measurements, which can probe longer periods, are therefore key to studying the late stages of rotational evolution of low mass stars and the unsaturated rotation-activity relation. The MEarth Project is a transiting planet survey looking for super Earths around 3000 mid-to-late M dwarfs within 33pc (Berta et al. 2012; Irwin et al. 2015) . From the MEarth data, we have identified 387 stars in the northern hemisphere with photometric rotation periods . Our observations often span 6 months or longer, providing excellent sensitivity to long periods (Irwin et al. 2011; Newton et al. 2016) . West et al. (2015) measured Hα emission for 164 M dwarfs with preliminary rotation periods from MEarth. They found that both the fraction of stars that are active and the strength of magnetic activity declines with increasing rotation period for early M dwarfs. Late M dwarfs were found to remain magnetically active out to longer rotation periods, before both the active fraction and activity level diminished abruptly. In this work, we harness the full MEarth rotation period sample, new optical spectra, and a compilation of measurements from the literature to undertake an in-depth study of magnetic activity in nearby M dwarfs.
2. DATA
The nearby northern M dwarf sample
Our sample of M dwarfs is drawn from the MEarth Project, an all-sky survey looking for transiting planets around approximately 3000 nearby, mid-to-late M dwarfs (Berta et al. 2012; Irwin et al. 2015) . Nutzman & Charbonneau (2008) selected the northern MEarth targets from the Lépine & Shara (2005) northern proper motion catalog (hereafter the "nearby northern M dwarf" sample). The sample is composed of all stars with proper motions > 0. 15 yr −1 , and parallaxes or distance estimates (spectroscopic or photometric; Lépine 2005) placing them within 33 pc. The target list for the MEarth transit survey additionally is limited to stars with estimated stellar radii < 0.33 R , but in this work we consider all stars in the nearby northern M dwarf sample. Note that in the years since our nearby northern M dwarf sample was defined, trigonometric parallaxes have been published for many of these stars, sometimes resulting in revised distances greater than, or estimating radii larger than, the limits originally placed on the sample (Dittmann et al. 2014) . Thus, stars more massive and more distant than originally intended are included in the nearby northern M dwarf sample.
MEarth-North is located at the Fred Lawrence Whipple Observatory (FLWO), on Mount Hopkins, Arizona, and has been operational since 2008 September. The observatory comprises eight 40 cm telescopes. This work utilizes results from MEarth-North and from our further spectroscopic characterization of the sample. Compiled and new rotation period and Hα measurements are included in Table 1 , and are described in the following sections.
Our analysis excludes binary stars. Binaries were excluded using the same criteria as in Newton et al. (2016) , which include removing stars with bright, nearby unresolved companions (whether they are background objects or physically associated) and stars that appear over-luminous relative to their colors or spectroscopically-inferred parameters. Binaries are indicated in Table 1 . Our team has undertaken a survey of the literature to gather photometric and spectroscopic data on the nearby northern M dwarfs. We note that our literature survey focused on the mid-to-late M dwarfs that are the targets of the MEarth transit survey, but did not exclude higher mass M dwarfs.
The literature sources for rotation periods are listed in Table 2. 90% of measurements for M < 0.3 M come from Newton et al. (2016) , in which we measured photometric rotation periods for 387 M dwarfs using photometry from MEarth-North. These measurements supersede those presented previously in Irwin et al. (2015) and West et al. (2015) . We note that the majority of the remaining measurements are from Hartman et al. (2011) . In Newton et al. (2016) we showed excellent agreement between the rotation periods from MEarth and those previously reported in the literature with both measurements. However, Newton et al. (2016) found discrepancies between photometric rotation periods and v sin i measurements when v sin i values were comparable to the resolution of the spectrum from which they were obtain. Therefore, we do not include v sin i measurements in this analysis. The sources for Hα measurements are listed in Table 3 . The table and the discussion below includes the new measurements we make in this work; our observations are discussed in §?? and our EW measurements in §3. Hα measurements are derived from spectra obtained using instruments with various spectral resolutions, and some analyses used different definitions of, or different means of calculating, Hα EW. Additionally, not all literature sources report values when a star was considered to be inactive. We note that for Hα EWs from Alonso-Floriano et al. (2015) we treat Hα EWs reported as exactly 0.0 ± 0.2 as upper limits. When multiple measurements of Hα are available, we adopt one measurement rather than averaging those available.
In this paper, we use Hα measurements in two different ways, and for each purpose we use a different criterion to choose which of the available Hα measurements to adopt:
If we use the value of the EW measurement, we only adopt Hα measurements from literature sources for which we are able to ensure good agreement with our measurements through comparison of overlapping samples across all activity levels. We also apply a linear correction to the EWs from each literature survey, calibrated using the overlapping stars, and thus require that a linear correction is sufficient to account for differences (high order polynomials may misbehave outside of the calibrated range). We do not include upper limits. We were able to verify agreement with Gizis et al. (2002) , Gaidos et al. (2014) , and Alonso-Floriano et al. (2015) . When measurements are available from more than one of these sources or our own work, we select the measurement obtained from the highest resolution spectrum.We refer to the sample of Hα measurements selected (and corrected) in this way as the "restricted sample."
If we consider only whether a star is active or inactive, we do not restrict the literature sources from which we adopt Hα measurements, and we include upper limits. We adopt the measurement from the restricted sample if possible. If a measurement is not available in the restricted sample, we adopt a measurement from any other available source with preference given to the measurement obtained at the highest spectral resolution. We then use the EW value to determine whether a star is active or not. If the measurement is an upper limit, we consider the star to be inactive. Otherwise, we adopt −1Å as our active/inactive boundary. Though West et al. (2015) found that a threshold of −0.75Å was appropriate for spectra obtained using the same instrument and settings as we use in this work, the threshold most commonly used in the literature sources we gathered was −1Å. There are not many stars with EWs between −0.5 and −1.5Å, so choosing a different boundary does not result in significant differences. We refer to the sample of Hα measurements selected in this way as the "unrestricted sample." a Nrestr is the number of stars included in the restricted sample, for which a linear correction to the Hα EW was applied to ensure agreemenet between literature values and those measured in this work. This sample is used when we consider the value of the Hα EW. b Nunre is the number of stars included in the unrestricted sample. This sample includes entries where only a limit of Hα EW was reported, or for which agreement with our measurements could not be assured. The "active/inactive" flag is based on the unrestricted sample. c The coefficients for the linear correction applied to produce values in the restricted sample: et al. (1995) and Hawley et al. (1996) report Hα indices; we use EWs from I.N. Reid's website http://www.stsci.edu/˜inr/pmsu.html. e We have opted to have values from Gaidos et al. (2014) supersede those from Lépine et al. (2013) .
f Alonso-Floriano et al. (2015) includes upper limits, thus the number of stars from this source that are in the unrestricted sample exceeds the number that are in the restricted sample. g We have re-reduced and re-analyzed the data first presented in West et al. (2015) to ensure consistent results.
New optical spectra from FAST
We obtained new optical spectra for 270 M dwarfs. We used the FAST spectrograph on the 1.5 m Tillinghast Reflec-tor at FLWO. We used the 600 lines mm −1 grating with a 2 slit, resulting in approximately 2Å resolution (R = 3000) over 2000Å. We used a tilt setting of 752, corresponding to a central wavelength of 6550Å, to obtain spectra covering 5550 − 7550Å.
The data were reduced using standard IRAF long-slit reductions. Using calibration exposures taken at each grating change, the 2D spectra were rectified, bias-subtracted and flat-fielded. The wavelength calibration was determined from a HeNeAr exposure taken immediately after each science observation. A boxcar was used to extract 1D spectra, with linear interpolation to subtract the sky. We did not clean cosmic rays or weight pixels in the cross-dispersion direction, because we found that these processes could suppress the resulting Hα EW by a few percent for strong emission lines. We used spectrophotometric standards to perform a relative flux calibration.
In West et al. (2015) , we presented spectra of 238 additional M dwarfs including measurement of Hα EWs. These spectra were obtained using the same instrument and settings, but extraction included cleaning and weighting. The difference is a decrease in the EWs of about 3% for some strongest emission lines. To ensure consistent analysis, we re-reduce these spectra using the steps outlined above. The stars with observations from West et al. (2015) and the new observations we present here do not overlap, which brings the number of M dwarfs with FAST spectra obtained by members of our team to 508.
In §3 we discuss our analysis of these data to measure chromospheric activity. We refer to Appendix A for a thorough discussion of measuring accurate absolute kinematic radial velocities from these spectra.
Newly identified multiple systems
We have identified several new M dwarf binary systems. Prior to this work, 2MASS J12521285+2908568 (LP 321-163) was identified as a spectroscopic double-lined system by our team using TRES on the 1.5 m Tillinghast Reflector at FWLO.
In the course of our analysis of the FAST spectra, we identified three M dwarfs with unusually broad Hα emission lines that had no previous identification as multiple systems. We obtained high resolution optical spectra using TRES, which confirmed our suspicions. We found that 2MASS J09441580+4725546 and 2MASS J16164221+5839432 (G 225-54) are spectroscopic triplelined systems, while 2MASS J11250052+4319393 (LHS 2403) is double-lined.
A TRES spectrum of 2MASS J20245996+0225569 (LP 635-10) revealed that it is also a spectroscopic double-lined system. We pursued high resolution follow-up spectroscopy of this object when we noticed that it showed moderate magnetic activity (EW= −1.7Å), unusual for a slowly rotating M dwarf (see §4.1). The TRES spectrum does not show Hα emission.
Revisions to literature rotation periods
We note revisions to several rotation periods from the literature, which we investigated further due to unusual activity levels (see §4.1). For 2MASS J08111529+3607285 (G 111-60), Hartman et al. (2011) report a period of 3.29 days. We have determined that this period is for a nearby RS CVn variable which was blended in their photometry.
For 2MASS J08175130+3107455 (G 90-52), Hartman et al. (2011) report a period of 0.97 days, and flag it as a possible blend. A high resolution spectrum obtained with TRES did not show rotational broadening, suggesting either that the sub-one day photometric modulation is an alias of a longer period, or that it derives from the nearby companion. Accordingly, the rotation periods for these stars not been included.
CHROMOSPHERIC ACTIVITY
Prior to calculating EWs, we perform relative flux calibration and shift the spectra to zero radial velocity. We measure radial velocities by matching each spectrum to a zerovelocity standard from SDSS Bochanski et al. (2007) . We adjust for the known 7.3 km/s offset in the SDSS absolute RV rest frame Yanny et al. (2009) , which we note was not corrected for in West et al. (2015) . We estimate a precision of 8 km/s and identify the potential for 5 km/s systematic offsets between spectral types. Further details on our RV method and tests for accuracy and precision can be found in §A.
Hα EWs
We measure Hα EWs using the definition of West et al. (2011) . The continuum F c is given by the mean flux across two regions to either side of the Hα feature, 6500 − 6550Å and 6575 − 6625Å. The EW is:
The limits of the integral are 6558.8 − 6566.8Å. We sum the flux within the feature window, using fractional pixels as necessary and assuming pixels are uniformly illuminated. EWs for Hα in emission are given as negative values. Figure 1 compares our EW measurements to those from Gizis et al. (2002) , Gaidos et al. (2014) , and Alonso-Floriano et al. (2015) , the three surveys which are included in our restricted sample of Hα EWs (see §2.2). There are 52 stars in our sample with measurements from Gizis et al. (2002) , and 70 from Alonso-Floriano et al. (2015) , with no stars in either sample which have discrepant identification as active or inactive. There are 60 stars with measurements both from our sample and from Gaidos et al. (2014) , including 33 with Hα detected in emission in our data. Using a limit of −1Å, there are two stars identified as inactive in Gaidos et al. (2014) that have strong Hα in our spectra. For 2MASS (2015) is shown as gray diamonds, to Gaidos et al. (2014) as teal circles, and to Gizis et al. (2002) as orange squares. The inset highlights the inactive stars. We have applied a linear correction to literature values by fitting the overlapping sample.
J17195298+2630026, which is a member of a close visual binary, our detection of strong Hα emission agrees with previous measurements from Reid et al. (1995, −8 . For 2MASS J03524169+1701056, the only other value is from Reid et al. (1995) , who get −1.23Å; this is between our value (−3.2Å) and the non-detection from Gaidos et al. (2014) . This case could result from intrinsic stellar variability, though the amount of variability required is larger than typical.
Considering only the active stars and removing measurements that deviate by > 3Å, the standard deviation in EW measurements is 0.7Å for Gizis et al. (2002) , and 1Å for both Gaidos et al. (2014) and Alonso-Floriano et al. (2015) . This is similar to the intrinsic variability of around 0.8Å seen in time-resolved measurements (Lee et al. 2010; Bell et al. 2012) . Wilson & Vainu Bappu (1957) found that the strength of the Ca K line reversal could be used as a luminosity indicator in late-type stars. Kraft et al. (1964) identified the WilsonBappu effect using Hα absorption in late-type stars, and Stauffer & Hartmann (1986) demonstrated the effect in M dwarfs. The trend is one of smaller absorption EWs for redder stars. Figure 2 shows a clear mass-dependent envelope to Hα absorption strengths, consistent with these findings: the maximum amount of absorption decreases for smaller mass M dwarfs. We correct our EWs so that we measure the amount of emission above this maximum absorption level.
Hα relative to quiescence
We fit the Hα envelope as a function of mass by iteratively rejecting stars with EWs more negative (higher emission) than the best fit. We consider this to be the "quiescent" level, and when calculating L Hα /L bol we correct our mea- sured EWs based on their estimated stellar masses.
Weak activity levels are thought to first strengthen absorption as the n = 2 state 1 is populated, with increasing activity eventually strengthening emission as the n = 3 state becomes populated (Cram & Mullan 1979; Stauffer & Hartmann 1986) . Our data are not sufficient to distinguish whether a weakly active star is in the earlier stage (strengthening absorption) or the latter stage (strengthening emission) of chromospheric heating. By measuring EWs relative to the maximum amount of absorption, we are assuming that all M dwarfs in our sample are active enough to have at least reached this maximum absorption level.
The Hα luminosity, L Hα /L bol , is commonly used to enable comparison between stars of different intrinsic luminosities. Calculation of intrinsic Hα luminosity requires absolutely flux-calibrated spectra. Accurate photometry in the wavelength region covered by our FAST spectra is not widely available for our sample, and absolute flux calibration is beyond the scope of the present work. The χ factor is commonly used in this circumstance West & Hawley 2008) . The χ factor is derived from photometric colors, and L Hα /L bol is then easily calculated: L Hα /L bol = EW Hα × χ. We adopt χ factors from Douglas et al. (2014) , who found significant differences compared to previous work. We refer the reader to Douglas et al. (2014) for a thorough discussion.
The Douglas et al. (2014) χ factor is presented as a function of r − J or i − J. Neither r nor i is widely available for our sample, which even if they are within the SDSS footprint are typically saturated. In Dittmann et al. (2016) , we calibrated the MEarth photometric system, and presented MEarth magnitudes for 1507 M dwarfs. Dittmann (2016) obtained absolute griz Sloan photometry for 150 MEarth M dwarfs using the filters on the FLWO 1.2 m (48 in.). We use these data to derive the conversion between MEarth−J and i 48 − J:
The MAD of this conversion is 0.03 mag and the standard deviation is 0.05, the latter of which we adopt as the error on i 48 − J colors calculated in this way. The difference between i 48 and i SDSS is likely small 2 , and we do not make additional corrections. We discard estimated i 48 − J colors that are > 2σ outliers in the mass-(i 48 − J) plane.
Not all stars in our sample have a MEarth magnitude, but I C magnitudes are sometimes available. We fit a relation between I C −J and i 48 −J, using the i 48 −J colors previously inferred from MEarth − J as the basis for the fit:
− 0.123
The MAD of this conversion is 0.016 mag and the standard deviation is 0.025 mag, the latter of which we adopt as the error on i 48 − J calculated in this way. We then calculate χ using the relation presented in the Appendix of Douglas et al. (2014) . Figure 3 demonstrates excellent agreement between our estimated χ values and the mean values calculated by Douglas et al. (2014) as a function of spectral type. Spectral types for nearby M dwarfs are taken from the literature. Intrinsic scatter in χ as a function of spectral type is apparent, reflective of the imperfect mapping between spectral type and color for M dwarfs.
One potential concern is whether χ depends on the level of Hα emission itself. We see a small but statistically significant difference between active and inactive M dwarfs, in that active M dwarfs have slightly lower mean χ values (Figure 4) . For M3V-M5V, where we have sufficient numbers of both samples for a meaningful comparison, the difference and standard error, expressed as a percentage of the mean 2 We note that this is not the case for r magnitudes, where the filter edge may overlap with a sharp spectroscopic feature, as discussed in Dittmann (2016) . χ values versus spectral type. In black are the values we infer for stars in our sample using the new calibration from Douglas et al. (2014) , with i − J colors estimated as described in §3.3. Optical spectral types are drawn from the literature. The mean values of χ for active stars in our sample are in cyan and the inactive stars in red, with the error bars indicating the standard error on the mean. value for inactive stars, is about 5.5 ± 1.5%. Redder stars have smaller χ values, so this is equivalent to the more active stars having redder colors at a given spectral type. Such an effect has been seen in previous works, e.g. Hawley et al. (1996) . If we assume that, at a given spectral type, stars with larger Hα EW are redder, L Hα /L bol will scale less than linearly with Hα EW. Whether this is a relevant astrophysical effect or a systematic one requires further investigation, but in either case the intrinsic scatter dominates.
We only calculate L Hα /L bol for the stars in the restricted sample (defined in §2.2).
RESULTS
We look at the relationship between activity and rotation as a function of stellar mass. Our photometric rotation periods allow us to probe longer rotation periods than typically accessible for low-mass stars. We use the empirically calibrated relationship between mass and absolute K magnitude (calculated using trigonometric parallaxes only) to infer stellar mass (Delfosse et al. 2000) , which we modify as discussed in Newton et al. (2016) to allow extrapolation. We have excluded known binaries from this analysis, as discussed §2.
The active/inactive boundary
West et al. (2015) noted that for M1V-M4V, all stars rotating faster than 26 days are magnetically active. For M5V-M8V, a corresponding limit was seen at 86 days. In Figure 5 , we consider the active fraction in light of the massperiod relation. We see a smooth, mass-dependent threshold in whether a star shows Hα in emission, with the boundary around 30 days for 0.3 M stars and around 80 days for 0.15 M . This threshold seems to correspond to the lower boundary of the "long period" rotators, which we suggested in Newton et al. (2016) is when an era of rapid angular momentum evolution ceases.
The differentiation of inactive stars at long rotation periods implies that the presence of Hα emission is a useful diagnos- Figure 6 . LHα/L bol versus Rossby number (Ro). We have corrected the Hα EWs to be measured relative to the maximum absorption level seen for M dwarfs of the same mass, and used the χ values from Douglas et al. (2014) to infer LHα/L bol from EW. For Ro we use the empirical calibration from Wright et al. (2011) . Data points are colored by their estimated stellar mass. We see saturation for rapid rotators (small Ro), and a decline for slower rotators (large Ro).
tic for whether a star is a long-or short-period rotator. This may be of use to exoplanet surveys, for which slowly rotating stars are often better targets. Furthermore, for an inactive star, its mass can be used to provide guidance as to its rotation period. We fit a polynomial between stellar rotation period and mass for inactive stars in our sample, using 3 σ clipping to iteratively improve our fit:
The relation is valid between 0.1 and 0.6 M and has standard deviation of 22 days. The best fit is shown in Figure 5 . Note that for early M dwarfs, all but the most rapidly rotating stars are inactive. Because the stars included in this fit are selected only by virtue of being inactive, they are likely to have a range of ages and therefore we do not expect this fit to match up with a particular gyrochrone, or with the Sun.
L Hα /L bol saturation level
Activity as traced through L Hα /L bol represents the relative amount of the star's luminosity that is output as Hα emission and enables a more mass-independent comparison between activity levels in M dwarfs. The Rossby number (R o ), which compares the rotation period to convective overturn timescale, is often used to compare activity strengths across mass and rotation period ranges. We use the empirical calibration from Wright et al. (2011) to determine convective overturn timescales. Figure 6 shows L Hα /L bol versus R o . We see a saturated relationship between L Hα /L bol and R o for rapidly rotating stars and a power-law decay in L Hα /L bol with increasing R o for slowly rotating stars. The break occurs near R o = 0.2.
The mean value in the saturated regime for M * < 0.25 M is (1.536 ± 0.004) × 10 −4 . This is lower than the saturation value for M * > 0.25 M , which is (1.852 ± 0.007) × 10 −4 . The errors here represent the standard error on the mean. Note that if we considered L Hα /L bol without adjusting for the mass-dependent Hα absorption as done in other works, our mean values would be about 0.1 dex lower for the early M dwarfs and 0.04 dex lower for the late Ms. We also note that the median value is lower than the mean for the low-mass M dwarfs (1.428 × 10 −4 ). West et al. (2004) and Kruse et al. (2010) show a similar decrease in L Hα /L bol for spectral types M6 and later, and similar levels of mean L Hα /L bol . The range of values we find is consistent with that seen in other studies of field stars, for example Gizis et al. (2002, Fig. 8) and Reiners et al. (2012, Fig. 9) . It is higher than the saturation threshold recently reported for the Hyades (L Hα /L bol =1.26 ± 0.04 × 10 −4 ; Douglas et al. 2014 ), but differences in analysis technique have not been addressed and there is significant intrinsic scatter to the saturation level.
Activity versus Rossby number
We fit the canonical activity-rotation relation to our data:
We use the open-source Markov chain Monte Carlo sampler package emcee Foreman- Mackey et al. (2013) for this analysis. This allows us to include intrinsic scatter in the relation, which we model as a constant amount of scatter σ LHa on log L Hα /L bol (see e.g. Hogg et al. 2010 ). We use uninformative uniform priors on β, log (L Hα /L bol ) sat , log R o,sat , and log σ. The acceptance rate is 0.6, and the autocorrelation timescale is 20-50 steps. Therefore, following the recommendations of Foreman-Mackey et al. (2013), we run 200 walkers for a total of 700 steps, discarding the first 200 as burn-in. We take the median as the best-fitting values and report error bars corresponding to the 16 th and 84 th percentiles on the marginalized distributions: Figure 7 shows the best fit, including intrinsic scatter, overplotted on our data. Also shown are 100 random draws from the posterior probability distribution. Note that σ LHa incorporates both intrinsic variation at a given stellar mass and the difference in saturation level between early and late M dwarfs. Figure 8 shows the posterior probability distributions over each parameter (using the corner package; ForemanMackey 2016). As in Douglas et al. (2014) , there is an Figure  6 . We fit the canonical rotation-activity relation to our data, with LHα/L bol maintaining a constant value for small Ro and a powerlaw decay in LHα/L bol at larger Ro. Our best fit is shown as the solid red line, with 100 random draws from the posterior distribution shown in black. We also fit for intrinsic scatter σLHa within the rotation-activity relation; the 1σLHa and 2σLHa contours are indicated by the shaded red region. 
Stars with unusual activity levels
One star appears as an outlier in the mass-period-activity plane: 2MASS J23242652+7357437 (LP 48-485) is a rapid rotator and yet is inactive. The Hα EW of −0.52 ± 0.04 is from this work, and the rotation period of 7.738 days is from Newton et al. (2016) .
We obtained two high resolution spectra of 2MASS J23242652+7357437 using TRES, which revealed no change in RV and no obvious evidence of a second set of lines. A small amount of Hα emission is seen in the TRES spectrum. We re-examined the light curve from which Newton et al. (2016) derived the rotation period and found no alternative rotation periods.
Though unusual, there are three stars analyzed by West & Basri (2009) that indicate the existence of rapidly rotating, inactive M dwarfs. West & Basri (2009) suggested complexity in the rotation-activity relation as the cause. However, we have demonstrated a clear connection between rotation and Hα activity for M dwarfs of all masses, which makes this "oddball" star even more puzzling.
Several additional targets initially appeared in this list of oddball stars, but further investigation with extant photometry and new high-resolution spectroscopic measurements showed either that the stars were binaries or that there were issues with the assumed rotation periods (see §2). We note that we did not consider stars flagged as binaries in our search for "oddballs" due to the uncertainty over which companion is the source of the rotation and/or Hα signal and the potential for binarity influencing evolution.
Activity versus photometric amplitude
Photometric rotational modulation results from starspots rotating in and out of view on the stellar surface. Since starspots are the product of the magnetic suppression of flux, we might expect a correlation between the prevalence of starspots and spectral indicators of magnetic activity. The photometric rotation amplitude is indicative of the fraction of the stellar surface that is covered in spots, though it is primarily sensitive to asymmetries in the longitudinal distribution of starspots.
For L Hα /L bol greater than about 1 × 10 −4 , we see an increase in the dispersion of photometric amplitudes with increasing L Hα /L bol , such that the stars displaying the highest amplitude of variability are also the strongest Hα emitters (Figure 9 ). This is evidenced by a strong positive correlation between the two parameters. The Spearman rank correlation coefficient ρ is 0.39 ± 0.03, with a p-value of < 4 × 10 −8 . The most active and highly variable stars contribute to the strength of the correlation, but a correlation persists if we exclude stars with L Hα /L bol > 2.5 × 10 −4 (ρ = 0.36 ± 0.04, p < 0.0002).
One potential concern is that we found that active stars are slightly redder than inactive stars, resulting in χ values for the The mean amplitude in different bins in LHα/L bol is shown, along with the error on the mean. In the top panel, only stars with periods faster than 30 days are shown, and the color of the data point indicates stellar mass. In the bottom panel, only stars with masses less than 0.25 M are shown, and the color of the data point indicates rotation period. In both panels, a highly significant correlation between amplitude and magnetic activity is seen.
active sample that are 5% lower. However, this has the opposite effect of the observed correlation: if we were to assign χ values on the basis of spectral type rather than color, the active stars of that spectral type would be assigned a larger χ than otherwise, and would therefore have larger L Hα /L bol . We nevertheless verified that our results are unchanged if we use Hα EW in place of L Hα /L bol (ρ = −0.4 ± 0.3, p < 3 × 10 −5 ). Since photometric amplitudes depend on the bandpass, we only use stars with rotation period measurements from our analysis of MEarth photometry . One concern is that the method we used to determine amplitude tends to suppress amplitude for stars with strong spot evolution or with non-sinusoidal variability; our method for period detection is also most sensitive to stars with stable, sinusoidal spot patterns. Measuring the peak-to-peak amplitude offers an alternative, and was used, e.g. by McQuillan et al. (2014) in their study of rotation in the Kepler sample. However, this is a more challenging measurement to make robustly in ground-based data, particularly if there are gaps in phase coverage. We therefore proceeded with the amplitude measurements from Newton et al. (2016) .
Another complicating factor is the relationship between rotation period and photometric amplitude, since the former is also correlated with Hα activity. For stars more massive than 0.25 M , a negative correlation is seen between variability amplitude and rotation period for periods > 30 days (Hartman et al. 2011; McQuillan et al. 2014; Newton et al. 2016) . However, for the mid-to-late M dwarfs that dominate our sample, no correlation is seen . To address this concern, we performed our analysis on different subsets of data, which are shown in Figure 9 . In the first, we have restricted the period range to be < 30 days; in the second we have restricted the mass range to be < 0.25 M . The results from each restricted sample are consistent, with ρ = 0.41 ± 0.04 for the period-restricted sample and ρ = 0.34 ± 0.03 for the mass-restricted sample, both with p < 10 −4 . Restricting on R o produces consistent results. There are three stars in our sample with L Hα /L bol > 3.5 × 10 −4 . The amplitudes of their rotational modulations are smaller than what is seen in slightly less active stars (we verified by eye that the amplitudes of these modulations are not artificially low due to spot evolution). If real, this trend may reflect an increase in the filling factor of spots, with spotted surface now dominating the unspotted surface.
SUMMARY AND DISCUSSION
We have obtained new optical spectra for 270 nearby M dwarfs and measured Hα EWs and estimated L Hα /L bol . Including measurements compiled from the literature, our sample includes 2202 measurements of or upper limits on Hα emission. Of these, 466 have photometric rotation periods. These period measurements are primarily from our analysis of data from the MEarth-North observatory . High-quality M dwarf light curves are available from space-based data and offer unique opportunities for studying M dwarf stellar physics (e.g. Hawley et al. 2014; Stelzer et al. 2016) , but the disadvantage is that the sample is dominated by early M dwarfs and stars that are typically more distant and therefore not as well characterized as Solar Neighborhood stars. Our sample comprises both early and late M dwarfs within the Solar Neighborhood, most with trigonometric distances and spectroscopic follow-up, and includes around 300 stars whose masses indicate that there are below the fully convective boundary.
The rotation-activity relation
We have shown that with very high confidence, an M dwarf without detectable Hα emission is slowly rotating. For inactive M dwarfs, we have presented a relationship between stellar mass and rotation period. These findings may be useful to those building target lists for exoplanet surveys, providing a simple and accessible diagnostic of the stellar rotation period. We also suggest that, in the eventuality that gyrochronology is calibrated for M dwarfs, the lack of Hα emission can be used to determine whether it is appropriate to apply the gyrochronology relationship.
We fit L Hα /L bol as a function of R o using the canoni- cal rotation-activity relation, which consists of a saturated regime and one described by a power-law decay. Our photometric rotation periods allow us to investigate the latter part of the relation, where the rotation period becomes comparable to, or longer than, the convective overturn timescale (R o 1) for a range of stellar masses. In M dwarfs, this regime is inaccessible when using v sin i as a tracer of rotation.
For rapidly rotating stars, Hα emission maintains a saturated value, as seen in many previous works (Delfosse et al. 1998; Mohanty & Basri 2003; Reiners et al. 2012; Douglas et al. 2014) . The saturation value for early M dwarfs is lower for low-mass M dwarfs than it is for high-mass M dwarfs. For R o > 0.2, the decline in L Hα /L bol has a power law index of −1.7 ± 0.1. Around R o = 1, Hα has diminished to the point where it is not detectable in emission in our lowresolution spectra (note, however, that by correcting our Hα EWs such that they are measured relative to a maximum absorption level, we obtain a measure of relative L Hα /L bol for R o as large as 2). Reiners et al. (2014, hereafter R14) suggest that R o is not the best scaling, and explored a generalized relationship between L Hα /L bol and rotation period and stellar radius. They find L X /L bol = kP −2 R −4 . In Figure 10 , we show how the R14 scaling and R o numbers differ in the mass-period plane. The former depends on stellar radius, so we use the massradius relation from Boyajian et al. (2012) to estimate stellar radius. Figure 11 shows L Hα /L bol versus the R14 scaling in place of R o . The R14 scaling matches the shape of the long-period sample very well, with L X /L bol = 0.1P
(the 0.1/k contour) aligning with the active/inactive boundary. In contrast to L Hα /L bol vs. R o , we find that with the R14 scaling, the slope in the unsaturated regime is dependent on stellar mass. Mass (M ) Figure 11 . The activity-rotation relation, similar to Figure 6 , but using the "generalized Ro" scaling from Reiners et al. (2014) instead of the Ro from Wright et al. (2011) . Using the R14 scaling, the slope in the unsaturated regime is a mass-dependent.
The amplitude-activity relation
Considering stars with detected photometric rotation periods, we have found that more highly variable stars are also more active. This is seen through a highly significant correlation between the strength of Hα emission and the amplitude of photometric variability. Both starspots and Hα emission are thought to be products of magnetism. We expect that this correlation is the result of differences in the underlying magnetic field strength: stars with stronger magnetic fields have stronger Hα emission as well as larger or more abundant spots.
On the other hand, Jackson & Jeffries (2012) looked at stars in the open cluster NGC 2516, which had been surveyed photometrically as part of the Monitor program (Irwin et al. 2007) . They found no difference in the chromospheric activity between the stars with and without rotation period measurements, and argued that there were not differences in the spot filling factor between these two groups.
The amplitude-activity trend may be related to the difference in χ values for active and inactive M dwarfs: active M dwarfs are slightly redder than inactive M dwarfs, perhaps resulting from a greater abundance of cool spots on active stars. A similar effect was seen in the broadband colors of Pleiades K and M dwarfs (Stauffer et al. 2003; Kamai et al. 2014; Covey et al. 2016) . Rotationally variable stars in the Pleiades were found to be redder in V − K (suggested to be the result of starspots), and bluer in B − V (suggested to be the result of plages). Stauffer et al. (2003) note that this would require spot filling factors of 50%.
Inferred spot filling factors for M dwarfs range from on the order of a few percent (Barnes et al. 2015; Andersen & Korhonen 2015) to 40% (e.g. Jackson & Jeffries 2013) , though measurements are likely complicated by the unknown spot temperature and geometry. For small randomly distributed spots with filling factors < 20%, simulations from Andersen & Korhonen (2015, see Fig. 5) indicate that an increase in the filling factor by a factor of two corresponds to a 50% increase in photometric variability in V . We see a factor of two increase in photometric variability (in the MEarth red-optical bandpass, where the spot contrast is diminished) between the highly active and the inactive stars, which would require a several-times increase in the filling factor. Alternatively, M dwarfs may be dominated by one or more larger spots.
The three most active stars in our sample have small variability amplitudes, contrary to the trend we see in the less active stars. If this result holds with the inclusion of additional data, it could indicate that spots are covering more than 50% of the stellar surface in these highly active stars.
Implications for the magnetic dynamo
We see a clear mass-dependent rotation period threshold for Hα emission. In Irwin et al. (2011) and Newton et al. (2016) , we found a dearth of mid-to-late M dwarfs with intermediate rotation periods, which we suggested represents a period range over which stars quickly lose angular momentum. The active/inactive boundary coincides with the rotation period at which this rapid evolution appears to cease, suggesting a connection between the two phenomena.
The stars in our sample span the fully convective boundary, covering the full range of expected rotation periods between masses of 0.5 and 0.1 solar masses. A gradual change in magnetic dynamo is expected over this regime due to the diminishing radiative zone, with the disappearance of the tachocline occurring around M * = 0.35M . Other than a difference in the saturation level of L Hα /L bol between early and late M dwarfs, we find a single relationship between L Hα /L bol and R o for all stars in our sample. It could be that the magnetic heating of the chromosphere (as traced through Hα) is independent of the underlying magnetic dynamo, or the change in the magnetic dynamo across this mass range may be not sufficiently dramatic as to manifest in an intrinsically variable tracer like Hα.
Alternatively, the magnetic dynamo may not change across this mass range. Wright & Drake (2016) suggest a common magnetic dynamo in solar-type and fully convective stars. They found that the relationship between x-ray luminosity and R o relation in fully convective stars resembles that of solar-type stars (see also Kiraga & Stepien 2007; Jeffries et al. 2011) . We note that the sample of fully convective stars in the unsaturated regime with x-ray measurements is much smaller than the sample with available Hα measurements.
However, is important to recall that mass-normalizations are part of both our L Hα /L bol measure (which is measured relative to the maximum absorption observed at a given stellar mass and includes a color-dependent conversion from EW to luminosity) and R o (which is empirically derived to minimize scatter in the x-ray-R o plane). The lack of observed mass dependence in L Hα /L bol -R o relation could signify that the R o number sufficiently accounts for the gradual changes in the magnetic dynamo expected as the fully convective boundary is crossed. For example, the empirical convective overturn timescale (τ conv ) from Wright et al. (2011) has a sharp increase in slope around 0.35 M . We also see mass dependence when using the scaling relation suggested by Reiners et al. (2014) in place of R o .
It is nevertheless readily apparent from our data that rotation plays a critical role in determining the Hα emission strength -and by extrapolation the magnetic dynamo -of both partially and fully convective M dwarfs. To measure radial velocities (RVs) in our FAST spectra, we forward model the velocity shift and the difference in shape between the science spectrum and an RV standard. For accurate RVs, this analysis requires a close match between the science and standard spectra. This is due to the complex molecular absorption features in M dwarf spectra, which change significantly across the M spectral class, with noticeable differences even between adjacent spectral types. We use a 5 th -order Legendre polynomial to account for the continuum mismatch (e.g Anglada-Escudé & Butler 2012). We use linear least squares to determine the coefficients of the Legendre polynomial at a grid of velocity shifts, producing a χ 2 value at each test velocity. We then fit a parabola to velocity shifts with χ 2 values that are within 1% of the lowest χ 2 , and adopt the vertex of the parabola as the best fitting radial velocity.
Despite fitting for the difference in shape between the science spectrum and RV standard, we found that a mismatch between the spectral types could result in systematic differences of a few to 10 km/s. Therefore, we measure the RV against a standard of each M spectral type. We then select the standard and RV that resulted in the lowest χ 2 . The spectral types selected using this technique generally agrees to within one spectral type of those assigned by eye in West et al. (2015) .
For our RV standards, we adopt the zero-velocity SDSS spectra from Bochanski et al. (2007) 3 , which we convert to air wavelengths. We masked the red edge of spectra (λ > 7300Å), 20Å regions surrounding the Na D and Hα lines, the oxygen B band (6860 < λ < 6970Å), and the water band (7160 < λ < 7340Å). We use the spectra where highest quality active and inactive stars have been averaged. 
